O-Acetyl-L-serine sulfhydrylase (EC 4.2.99.8) waŝ rst puriˆed from an extremely thermophilic bacterium, Thermus thermophilus HB8, in order to ascertain that it is responsible for the cysteine synthesis in this organism cultured with either sulfate or methionine given as a sole sulfur source. Polyacrylamide gel electrophoreses both with and without SDS found high purity of the enzyme preparationsˆnally obtained, through ammonium sulfate fractionation, ion exchange chromatography, gel ltration, and hydrophobic chromatography (or a‹nity chromatography). The enzyme activity formed only one elution curve in each of the four diŠerent chromatographies, strongly suggesting the presence of only one enzyme species in this organism. Molecular masses of 34,000 and 68,000 were estimated for dissociated subunit and the native enzyme, respectively, suggesting a homodimeric structure. The enzyme was stable at 709 C at pH 7.8 for 60 min, and more than 90% of the activity was retained after incubation of its solution at 809 C with 10 mM dithiothreitol. The enzyme was also quite stable at pH 8-12 (509 C, 30 min). It had an apparent K m of 4.8 mM for O-acetyl-L-serine (with 1 mM sulde) and a V max of 435 mmol W min W mg of protein. The apparent K m for sulˆde was approximately 50 mM (with 20 mM acetylserine), suggesting that the enzyme can react with sulˆde liberated very slowly from methionine. The absorption spectrum of the holo-enzyme and inhibition of the activity by carbonyl reagents suggested the presence of pyridoxal 5?-phosphate as a cofactor. The apo-enzyme showed an apparent K m of 29 mM for the cofactor at pH 8. Monoiodoacetic acid (1 mM) almost completely inactivated the enzyme. The meaning of a very high enzyme content in the cell is discussed.
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Recently, we have presented evidence that Thermus thermophilus HB8, an extremely thermophilic bacterium, catalyzes reactions of transsulfuration from cysteine to homocysteine when the cells are cultured in a synthetic medium containing ammonium sulfate as the sulfur source. 1) In this organism, cysteine is synthesized, as in many microorganisms 2) and plants, 3) with O-acetyl-L-serine (OAS) and sulˆde, a reduced product of sulfate (reaction 1), by the catalysis of OAS sulfhydrylase (SHase) (EC 4.2.99.8) (reaction 2). 1) Sulfateªªsulˆteªªªsulˆde (S 2" ) (
L-MethionineªªL-homocysteineªsulˆde (S 2" ) (3)
However, the organism is unable to catalyze reverse transsulfuration from homocysteine to cysteine because of the absence of cystathionine (CTT) b-synthase (EC 4.2.1.22), even when cells are cultured with L-methionine added to the medium as the sole sulfur source. Under such conditions, the organism has been considered to synthesize cysteine through the same reaction (reaction 2), also being catalyzed by the same enzyme. In this case, sulˆde, one of the substrates, is considered to be liberated from homocysteine, which is produced from methionine, probably via S-adenosyl methionine and S-adenosyl homocysteine (reaction 3). Thus, the enzyme OAS SHase has been considered to play an essential role in supplying this organism with cysteine under both conditions, with either sulfate or methionine given as the sole sulfur source. 1) Many OAS SHases have been puriˆed from various organisms among which the enzyme from enteric bacteria 4) has been best characterized. However, no enzyme has been reported to be functional to use sulˆde liberated very slowly from homocysteine. Therefore, the enzyme of T. thermophilus stands in a unique situation.
There have been only a few reports on cysteine syn-thesis in extremophiles. Some archaea have been considered to synthesize cysteine from methionine through reverse transsulfuration. 5) An OAS SHase has been puriˆed from the archeon Methanosarcina thermophila and analyzed for its catalytic properties.
6) It shows an allosteric property against substrate (OAS) concentration. Results of genome analyses of several archaea 7) have shown that some archaea have genes similar in sequence to the OAS SHase genes of enteric bacteria but some do not, suggesting the presence of two groups of archaea with respect to the pathway of cysteine synthesis. We have studied enzymatic and physico-chemical properties of an OAS SHase puriˆed from an alkaliphilic bacterium 8) to compare with those of OAS SHases of other organisms. Some interesting characteristics, including stability at higher pHs and temperatures, a low speciˆc activity, and a high content in the cell, have been found. However, no extremely thermophilic eubacterium has ever been analyzed for the step of cysteine synthesis, except for a study done with a cell extract of this organism. 1) In order to understand how one OAS SHase is responsible for the synthesis of cysteine in this organism by using sulˆde produced from both sulfate and methionine via homocysteine, we attempted to purify the enzyme and to characterize it. Characterization of the enzyme highly puriˆed from an extreme thermophile was also expected to provide us with interesting properties of the enzyme which have not been observed for analogous enzymes produced by organisms living under mild conditions. This paper describes puriˆcation of the OAS SHase of T. thermophilus HB8 and characteristics of it including extreme stability to heat and alkaline pH, reactivity to a very low concentration of sulˆde, and discusses the very high content of the enzyme in the cell.
Materials and Methods
Reagents and others. OAS and OAH were synthesized by the method of Nagai and Flavin.
, and b-cyano-Lalanine were products of Sigma (St. Louis, USA). Pyridoxal 5?-phosphate (PLP), L-azaserine, and all other chemicals were of the highest quality available and obtained from nacalai tesque (Kyoto, Japan). DE-52 (Whatman, Kent, UK), Sephacryl S-200, Superdex 200, Aminohexyl Sepharose 4B, Octyl Sepharose CL-4B, Q Sepharose Fast Flow (Pharmacia, Uppsala, Sweden), and polyacrylamide gels (5-20z) (Atto, Tokyo, Japan) were also commercially obtained.
The organism and culture of bacterial cells. Cells of T. thermophilus HB8 10) were cultured at 659 C for 24 h in 500-ml ‰asks containing 100 ml of a synthetic culture medium (pH 7.0) at speed 7 (Tokyo Rikakikai, Eyela Shaker III, Tokyo, Japan) as described previously. 8) Ammonium sulfate of the medium was replaced by 1 mM L-methionine as a sole sulfur source, which brought about a higher level of synthesis of the enzyme.
1) The culture medium was inoculated with 0.1 ml of a fully grown seed culture. Cells were collected by centrifugation at 10,000×g for 30 min. The precipitated cells were washed with 50 mM Tris-HCl buŠer (pH 7.8) containing 0.03 M NaCl, and kept at "209 C until use.
Assay of enzyme activities. The OAS SHase reaction was done at 509 C for 15 min in 0.5 ml of the reaction mixture in a tube with a cap, as the reaction was ascertained to proceed linearly for at least 20 min under the conditions employed. The reaction mixture consisted of 50 mM Tris-HCl buŠer (pH 7.8) or potassium phosphate (K-P) buŠer (pH 7.8), 0.2 mM PLP, 20 mM OAS, 1 mM sodium sulˆde, and an appropriate amount of the enzyme (3-7 milliunits), unless otherwise stated. The concentration of cysteine formed was measured as described by Kredich and Becker 11) and by Gaitonde. 12) Dithiothreitol (DTT) (1 mM) was also used in the reaction mixture, in order to ascertain that the product cysteine was not oxidized during the reaction time. Other conditions were the same as described previously.
1) The amino acid substrate OAS was replaced by other amino acids to check the reactivity of the enzyme. Concentrations of homocysteine produced in reactions with L-homoserine and its O-derivatives as substrates were also measured as described for the measurement of cysteine concentration by Kredich and Becker. 11) One unit of the enzyme was deˆned as the amount catalyzing formation of one mmol of product W min. In an experiment to determine the Km for sulˆde, the reaction mixtures were deaerated before starting the reaction, and the reaction was done for 10 min to avoid possible oxidation of low concentrations of sulde. All enzyme activities and kinetic data presented in this paper were average values of three or four measurements.
Puriˆcation of the OAS SHase. All preparative steps were done at room temperature unless otherwise stated. All enzyme preparations obtained after each treatment of puriˆcation were mixed with the same volume of 0.2 M K-P buŠer (pH 7.8) containing 0.2 mM PLP and 50z glycerol and kept at "209 C until use. Cells (8.7 g) obtained from a total volume of 4.8 liters of the medium were suspended in 80 ml of 50 mM K-P buŠer (pH 7.8) containing 1 mM EDTA, 0.6 mM PLP, 1 mM DTT, and 0.1 mM 4-(2-aminoethyl)benzene-sulfonyl ‰uoride-HCl. The cell suspension (85 ml) was sonicated as described previously, 8) and the material was centrifuged at 12,500× g for 35 min. After centrifugation, the supernatant fraction (81 ml) was obtained. This fraction (containing 363 mg of protein) was fractionated with ammonium sulfate into three fractions. Most of the enzyme was precipitated in the third fraction (55-80z saturation), and the precipitates collected by centrifugation were dialyzed against 1 liter of 50 mM K-P buŠer (pH 7.8) containing 1 mM EDTA and 0.2 mM PLP (``standard buŠer'') overnight after being dissolved in a small volume of the same buŠer.
The dialyzate (containing 94 mg of protein in 12.2 ml) was chromatographed on a DE-52 column (2.6×23 cm) equilibrated with the standard buŠer. After the column was washed with 300 ml of the same buŠer containing 50 mM NaCl, proteins were eluted with 1,000 ml of an NaCl linear concentration gradient (0 to 300 mM) prepared in the standard buŠer, at a ‰ow rate of 0.6 ml W min, and active fractions were combined (73 ml).
This fraction (containing 23.4 mg of protein) was concentrated to 9 ml in dialysis tubing using powder of carboxylmethylcellulose and was thenˆltrated through a Sephacryl S-200 column (2.6×87 cm) equilibrated with the standard buŠer containing 0.1 M NaCl at an elution rate of 0.25 ml W min. Fractions with high speciˆc activities were combined (7.8 mg of protein in 14 ml), and the solution was diluted with 100 ml of 50 mM Tris-HCl buŠer (pH 7.8) containing 1 mM EDTA and 0.2 mM PLP. Solid ammonium sulfate was dissolved at a concentration of 1.7 M, and the solution was put on an Octyl Sepharose column (1.4×15 cm), equilibrated with the same buŠer containing 1.7 M ammonium sulfate. The enzyme was eluted at a ‰ow rate of 0.13 ml W min with 100 ml of 50 mM Tris-HCl buŠer (pH 7.8) containing 1 mM EDTA and 0.2 mM PLP in which a linear concentration gradient of ammonium sulfate (from 1.7 M to 0 M) was formed. Fractions of 1.5 ml were collected, and those with high speciˆc activities were separately pooled.
In order to improve the puriˆcation with respect to increasing purity and recovery of the enzyme at thê nal step, a‹nity chromatography was also used. A cell extract was put through Q Sepharose column chromatography, and then gelˆltration on a column of Sephacryl S-200 to obtain a partially puriˆed preparation (10.4 mg of protein and 623 units of the enzyme). The apo-protein of the enzyme was prepared by treating the enzyme preparation with 10 mM hydroxylamine-HCl (pH 7.0), followed by exhaustive dialysis against a hydroxylamine-free buŠer, and was used as the material for a‹nity chromatography on a PLP-bound Sepharose column. PLP was bound to Aminohexyl Sepharose 4B according to the procedures previously described. 13, 14) The apo-enzyme preparation (6.5 ml) containing 5.8 mg of protein and 540 units of OAS SHase was put on a column of PLP-bound Sepharose 4B (1×13 cm). After washing the column with 30 ml of 10 mM K-P buŠer (pH 7.8) containing 1 mM DTT, the enzyme was eluted with 50 ml of a K-P buŠer (pH 7.8)-concentration gradient from 20 to 250 mM containing 50 mM OAS, 0.1 mM PLP, and 1 mM DTT. The eluate was fractionated by 1 ml, and fractions having high speciˆc activities were pooled.
Estimation of molecular mass of the native OAS SHase. Molecular mass of the OAS SHase was estimated by gelˆltration on a Superdex 200 column (1×30 cm) equilibrated with 50 mM K-P buŠer (pH 7.0) containing 0.3 M NaCl, with the aid of an HPLC system controller SC-8020 (Tosoh). The puriˆed enzyme (30 mg) was put on the column together with the following proteins (each approximately 30 mg) used as standards: bovine liver catalase (EC 1.11.1.6) (Mw ＝248,000), rabbit muscle lactate dehydrogenase (EC 1.1.1.27) (140,000), ovalbumin (44,000), and equine myoglobin (17,000). Elution of proteins was monitored by observing absorption at 280 nm with a UVvisible spectrophotometric detector SPD-6AV (Shimadzu).
Other methods. Protein concentration was measured by the method of Bradford 15) with bovine serum albumin as a standard. Polyacrylamide gel electrophoresis (PAGE) was done both in the presence 16) and absence 17) of SDS, using a gel of 12z acrylamide. An acrylamide-concentration gradient gel (5-20z) was also used, for the purpose of strict comparison of molecular mass of the enzyme in puried preparations. The absorption spectrum was measured for a solution of the enzyme dissolved in 0.1 M K-P buŠer (pH 7.8) containing 1 mM EDTA in a spectrophotometer (Ultrospec 3000, Pharmacia) at room temperature for the wavelength range of 250-600 nm.
Results

Puriˆcation of OAS SHase
The OAS SHase of T. thermophilus HB8 wasˆnal-ly puriˆed by chromatography on a column of Octyl Sepharose CL-4B (Fig. 1) , as described in the preceding section. Fractions having high activities (Nos. 50-60) were separately kept for characterization of the enzyme. The enzyme found in the crude extract was puriˆed with a recovery of 9z and puriˆcation ratio of 16.8 (Table 1) . Theˆnal preparation contained a negligible amount of impurity, as judged in native PAGE (data not shown) and in SDS-PAGE (Fig. 2, lanes 5 and 6) . Gelˆltration chromatography on a Sephacryl S-200 column resulted in a lower speciˆc activity than that for the material (the eluate from the DE-52 column), although the former (Fig. 2, lane 4) had an increased purity compared with that of the latter (lane 3). This suggested denaturation caused probably by dilution (see later). In a separate experiment to purify the enzyme which was done for the purpose of improving the above method, a cell extract was put through ion exchange chromatography on a column of Q Sepharose, and the eluted enzyme fractions were combined (71.2 mmol W min W mg of protein). Gelˆltra-tion chromatography of this solution on a Sephacryl S-200 column again resulted in a lower speciˆc activity (59.9 mmol W min W mg of protein) measured for the mixture of active fractions. However, the enzyme was eŠectively puriˆed by subsequent a‹nity chromatography on a column of PLP-bound Sepharose. The average speciˆc activity of the enzyme in the eluate was calculated to be 401 mmol W min W mg of protein (6.7-fold puriˆcation at this step), on the assumption that fractions having higher speciˆc activities than 330 mmol W min W mg of protein were combined. The recovery at this step was 23z. The puriˆcation ratio was 19.9-fold from the cell extract. The results of SDS-PAGE of this preparation are shown in Fig. 2  (lanes 7 and 8) , also suggesting su‹cient purity for enzymatic studies, although it still contained a small amount of impurity. In conclusion, however, this procedure also was not able to perfectly purify the enzyme. The preparations obtainedˆnally through the two procedures were used together as the materials for enzymatic studies.
Molecular mass and the subunit structure of OAS SHase
The molecular mass of the enzyme was estimated to be approximately 68,000 (an average of three measurements, data not shown) by putting the enzyme together with standard proteins through chromatography on a Superdex 200 column. The molecular mass of the SDS-dissociated enzyme was An enzyme solution was incubated for 60 min at the indicated temperatures at a concentration of 15 mg of protein W ml of 50 mM K-P buŠer (pH 7.8) containing 1 mM EDTA and 0.2 mM PLP, in the presence (closed circles) and absence (open circles) of 10 mM DTT. The OAS SHase reaction was done as described in the text using 0.03 mg of the heat-treated enzyme. Enzyme activities measured were plotted against temperatures at which the enzyme was treated. An enzyme solution was incubated at 509 C for 30 min at a concentration of 20 mg of protein W ml of 50 mM Britton-Robinson buŠers of the indicated pH, containing 0.2 mM PLP and 1 mM EDTA. The OAS SHase reaction was done with 0.05 mg of protein as the enzyme as described in Materials and Methods. Enzyme activities obtained were plotted against the pHs at which the enzyme was treated. estimated to be approximately 34,000 (also an average of three measurements) in the SDS-PAGE (data not shown). The protein in the two preparationsˆnally obtained through the diŠerent procedures were ascertained to migrate the same distance in the SDS-PAGE using an acrylamide concentration (5z-20z) gel in a separate experiment, although there seems to be a small diŠerence between them in Fig. 2 . As the enzyme presented a single band in the gel (Fig. 2) , it was considered to comprise two identical subunits.
EŠects of temperature on the activity and stability of the enzyme
In order to decide the conditions of the reaction, the enzyme reaction was done in both 50 mM K-P buŠer (pH 7.8) and 50 mM Tris-HCl buŠer (pH 7.8) for 15 min at various temperatures between 309 C and 809 C, as described in Materials and Methods, using a puriˆed enzyme preparation at aˆnal concentration of approximately 0.02 mg of protein W 0.5 ml. A plot of the observed activities against temperatures gave an almost symmetrical curve with a peak at around 559 C; activities of 50z of the peak were observed at about 359 C and 679 C (data not shown).
In order to investigate the heat stability of the enzyme, an enzyme solution was mixed with 9 volumes of 50 mM K-P buŠer (pH 7.8) with and without 10 mM DTT (protein concentration: 15 mg W ml), and incubated for 60 min at various temperatures (09 C, 309 C-959 C). The reactions were done at 509 C with portions of the heat-treated enzyme solutions. The results are shown in Fig. 3 . The enzyme lost approximately 10z of its activity during incubation at 309 C-709 C without DTT. However, the eŠect of 10 mM DTT on protecting the enzyme from denaturation was evident: more than 90z of the activity was retained even after treatment at 809 C under the conditions employed. In the reaction mixture, the concentration of DTT added to the incubation mixture was reduced to 0.04 mM. Therefore, no substantial eŠect of the chemicals was expected in the reaction mixture. The apo-enzyme was unstable to heat; incubation of the enzyme at 709 C in the presence of 10 mM hydroxylamine-HCl resulted in a 50z decrease in the speciˆc activity from the activity obtained for the solution incubated at 409 C.
EŠects of pH on the activity and stability of the enzyme
The reaction was done with the enzyme (0.03 mg W 0.5 ml) at various pHs in a range of 4-11 at 509 C for 15 min, using 50 mM Britton-Robinson buŠer. The activity against the pH change gave a bell-shaped curve having a maximum at around pH 7. At pH 5.5 and pH 8.0, the activity was approximately 50z of the maximum (data not shown).
The stability of the enzyme with respect to pH was also investigated by keeping the same enzyme preparation as above at various pHs at 509 C for 30 min in a mixture with 9 volumes of 50 mM Britton-Robinson buŠer of pH 4 to 12, containing 1 mM EDTA and 0.2 mM PLP. Samples of the treated enzyme solutions were used to do the reaction. As a result, the enzyme was found to be quite stable at pHs 8-12 (Fig. 4) . Very similar behavior of the enzyme was observed when it was incubated in 50 mM GTA ( b,b?-dimethylglutaric acid, tris(hydroxymethylamino)methane, 2-amino-2-methyl-1,3-propanediol) buŠer supplemented as above. An enzyme preparationˆnally obtained by the Octyl Sepharose column chromatography was diluted twice with the solutions of the chemicals whose concentrations were twice as high as those written above, and incubated at 309 C for 10 min. The solutions were diluted 100 times with 50 mM Tris-HCl buŠer (pH 7.8) and 0.05 ml each of them was used as the enzyme in the SHase reaction. The SHase reactions were done as described in the text. Concentration of cysteine was measured by the method of Gaitonde. 12) 
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A‹nity of the enzyme for sulˆde
The OAS SHase reaction was done under the same conditions as described in Materials and Methods, with various concentrations of sulˆde. Results obtained were plotted in two styles to calculate K m values for sulˆde; a Lineweaver-Burk plot and a Hanes-Woolf plot. Apparent Km of approximately 0.06 mM and 0.04 mM were obtained in the former and the latter plot, respectively. Figure 5 shows an example of the Hanes-Woolf plot.
Reactivities of the enzyme with amino acids
To measure the reactivities of the enzyme with amino acids, SHase reactions were done for 10 min with substrate amino acids at a concentration of 5 mM under the conditions described in Materials and Methods. The enzyme reacted best with OAS as the amino acid substrate and also reacted with L-azaserine and b-chloro-L-alanine at rates of approximately 44z and 6z of the reactivity with OAS, respectively. However, it showed very low activities with OAH (2.4z of that with OAS), O-succinyl-L-homoserine (3.6z), L-homoserine (1.6z), and L-serine (1.8z). O-Phospho-L-serine, L-serine-O-sulfate, b-chloro-Dalanine, and b-cyano-L-alanine did not react with the enzyme at all (data not shown).
In order to measure the a‹nity of the enzyme for OAS, OAS SHase reactions were done in the presence of various concentrations of amino acid in the reaction mixture. In a Lineweaver-Burk plot of the results, the apparent Km for OAS was 4.8 mM and the Vmax was 435 mmol W min W mg of protein. Similar results were obtained in a Hanes-Woolf plot as well (data not shown).
Requirement of PLP as a cofactor
The enzyme was treated with hydroxylamine-HCl to prepare the apo-enzyme as described in Materials and Methods. The preparation obtained was ascertained to be inactive (with approximately 1z of the activity of the holo-enzyme preparation remaining) in the absence of PLP in the reaction mixture and to be able to recover OAS SHase activity by the addition of an appropriate amount of PLP. To measure the a‹nity of the protein for PLP, SHase reactions were done as described in Materials and Methods, except for the buŠer and pH used, with the apo-enzyme in the presence of various amounts of PLP. Activities observed were plotted against the concentrations of PLP in Hanes-Woolf's plots (data not shown). The apparent Km obtained changed with the pH at which the reaction was done as follows: 8 mM at pH 6, 12 mM at pH 7, 29 mM at pH 8 (pHs 6-8, K-P buŠer), and 142 mM at pH 9 (Britton-Robinson buŠer).
A UV-visible absorption spectrum was taken for a solution of the native enzyme. The spectrum showed an absorption peak at 420 nm, characteristic of a SchiŠ base formed with PLP 18) in addition to a peak at 278 nm. The enzyme solution was then treated with sodium borohydride (2.7 mM) at 09 C for 30 min and a spectrum was taken. The peak at 420 nm disappeared and a new absorption peak appeared at 320 nm, suggesting the presence of pyridoxyllysine (data not shown).
EŠects of sulfhydryl reagents and carbonyl reagents on the enzyme
The enzyme was incubated at 309 C for 10 min with monoiode acetic acid, 5,5?-dithiobis(2-nitrobenzoic acid), p-chloromercuri benzoic acid, and Nethylmaleimide at various concentratons in 50 mM Tris-HCl buŠer (pH 7.8), at a protein concentration of 0.1 mg W ml. After diluting the treated solutions 100 times with the same buŠer, samples (50 ml each) were used as the enzyme in the OAS SHase reaction. Inhibitors were dissolved in the reaction mixtures and the reactions were done as described in the text. Cysteine concentration was measured by the method of gaitonde. 12) The speciˆc enzyme activity was 370 mmol W min W mg of protein in the reaction without inhibitors added. Results of activity measurements are summarized in Table 2 . Monoiodoacetic acid strongly inactivated the enzyme and 5,5?-dithiobis(2-nitrobenzoic acid) had a slight eŠect. However, p-chloromercuric benzoic acid and N-ethylmaleimide appeared to have no eŠect (see later for discussion).
As the cofactor of the enzyme was suggested to be PLP (see above), inhibition of the enzyme by carbonyl reagents was also investigated. The reaction was done as described in Materials and Methods in the presence of carbonyl reagents at concentrations of 0.1, 1, and 10 mM. Results of activity measurement are summarized in Table 3 . The enzyme was most sensitive to phenylhydrazine but less sensitive to hydroxylamine.
Discussion
It has been shown in the extract of T. thermophilus cells that the activity of OAS SHase is extremely high compared with the activities of OAH SHase and CTT lyases and that the synthesis of theˆrst enzyme is repressed by methionine added to a synthetic culture medium and derepressed by the same amino acid used as a sole sulfur source. In addition, the enzyme activity is inhibited by L-methionine. On the basis of theseˆndings, we have considered that the enzyme is essential for the synthesis of cysteine in the same organism under the conditions with either sulfate or methionine added as a sole sulfur source. 1) We puriˆed the enzyme to conˆrm that one OAS SHase is present in this organism and is responsible for the synthesis of cysteine as mentioned above, and to discover the enzymatic properties characteristic of a thermophile. The purity of the preparations obtainedˆnally through the two diŠerent procedures was not 100z, but it was considered to be su‹cient for the enzymatic characterization done in this study. The two procedures seemed to be almost equivalent with respecct to the puriˆcation e‹ciency. Throughout the puriˆcation the OAS SHase activity was shown to be contributed by one protein: it was eluted, forming a single elution curve, from all columns of DEAE-cellulose, Q-Sepharose, Sephacryl S-200 (data not shown), and Octyl Sepharose (Fig. 1) , conrming that the organism has only one OAS SHase. The enzyme showed an apparent K m of 4.8 mM for OAS (data not shown), comparable with those of OAS SHases of other organisms. 11, [19] [20] [21] [22] [23] The calculated value of Vmax, 435 mmol W min W mg of protein, is also not signiˆcantly diŠerent from the values reported for analogous enzymes. 11, 19, 20, 22, 23) Therefore, it seems probable that the enzyme functions in the cell of this organism in the synthesis of cysteine with OAS as a substrate. Considerably high reactivity to azaserine, an antibiotic produced by Streptomyces, 24, 25) might merely be due to its structural analogy to the natural substrate. Table 4 summarizes the properties of the OAS SHase of T. thermophilus HB8 determined in this study. Many OAS SHases puriˆed from microorganisms and plants have similar subunit structures, comprising two identical subunits, each binding one PLP, and the molecular masses of those are distributed in a narrow range (approximately 60-80 kDa). 11, 19, [21] [22] [23] This suggests that many OAS SHases catalyze the reaction by similar mechanisms. From this viewpoint, the enzyme of this organism is not signiˆcantly diŠerent from the others. However, the enzyme was shown to be very stable at high temperatures (609 C-809 C, for 60 min), particularly in the presence of 10 mM DTT (Fig. 3) , and at alkaline pHs (Fig. 4 ) compared with those produced by organisms living under mild conditions. A result of nucleotide-sequence analysis of the genome DNA of this organism suggests that a gene homologous to the Deinococcus radiodulans cysK gene has one cysteine residue in the subunit comprising 304 amino acid residues (Kuramitsu and Masui, personal communication). A cysteine residue of the same enzyme of Salmonella has been reported to play an important role in stabilization of the a-aminoacrylate intermediate in the active site. 28) This information suggests that the cysteine residue, in a reduced form, is essential for the activity. This is supported by the fact that the enzyme was inactivated by monoiodoacetate and 5,5?-dithiobis(2-nitrobenzoic acid) (Table 2) . However, the treatment of the enzyme with 5 mM p-chloromercuribenzoic acid appeared to have no eŠect. This will be interpreted as follows: the enzyme modiˆed with these chemicals during the incubation was restored to activity in the reaction mixture in which the concentration of the reagent was reduced to 5 mM (due to totally 1,000 times dilution), since the mercuribenzoic acid bound to the cysteine residue of the enzyme was removed to form a new mercaptide with sulˆde added as a substrate at a concentration of 1 mM. N-Ethylmaleimide had no eŠect. This will be ascribed to its inability to approach the active site of the ezyme due to its hydrophobic nature.
In this organism, sulˆde is produced directly from homocysteine by the catalysis of homocysteine desulfhydrase (EC 4.4.1.2), the activity of which is very low: 5-7 nmol W min W mg of protein. 1) Therefore, when methionine is given to the organism as a sole sulfur source, the lower the value of Km for sulˆde of the OAS SHase is, the more easily it can be used by the enzyme to produce cysteine. The apparent Km for sulde was approximately 50 mM (cf. Fig. 5 ), higher than 6 mM and 10 mM reported for Salmonella OAS SHase-A and -B, respectively, 27) and 33-36 mM for two isozymes of OAS SHase of Citrullus vulgaris.
22)
However, the value (for T. thermophilus) is of the same order as the apparent K m for the cofactor PLP of the apo-enzyme (29 mM at pH 8) and is thought to be su‹ciently low for the enzyme to function as the cysteine synthase in the cell with sulˆde as a substrate, even when methionine is given to the culture medium as a sole sulfur source. This organism has an OAH SHase, also taking sulˆde as a substrate, but its apparent Km for that has been measured to be approximately 1.3 mM. 26) Therefore, a limitted amount of sulˆde present in the cell can be preferably used by the OAS SHase.
Physico-chemical conditions for the reaction were also investigated, with results of optimal temperature and pH. The optimal temperature for activity, 559 C, is low for a protein of an extremely thermophilic bacterium that grows best at around 759 C. A very low concentration (approximately 0.04 mg W ml) of the enzyme in the reaction mixture might have permitted denaturation of it during the incubation, resulting in inactivation of the enzyme at higher temperatures, since the protein was demonstrated to be stable to heat at a higher protein concentration (Fig. 3) . A similar observation of a relationship between the optimal temperature for activity and the heat stability has also been reported for OAH SHase of the same organism. 26) A possibility, however, cannot be excluded that instability of sulˆde and OAS at higher temeperatures might be responsible for bringing the activity curve to a lower temerature. Quite the same temperature-activity relationship was obtained in a separate experiment using a crude extract as the enzyme (at a concentration of 2.1 mg of protein W ml of the reaction mixture). This fact suggests that the optimal temperature observed for the puriˆed preparation of the enzyme was a result of instability of the enzyme or the substrate(s) under these reaction conditions.
Compared with the OAS SHase of an alkalophile, 8) this enzyme showed similarity in the stability to heat and alkaline pH, and dissimilarity in the catalytic activity: the speciˆc activity of the former enzyme is very low. The content of the enzyme in the total protein found in the cell extract was calculated to be approximately 6z on the basis of the puriˆcation ratio (16.8-fold), as done in the case of the alkaliphilic bacterium, in which the content is approximately 3.5z. The high content was also shown in the SDS-PAGE of the cell-extract (Fig. 2, lane 1) , and it must help the cell to eŠectively use a small amount of sulˆde, in addition to the high a‹nity of the enzyme for the substance. As the value obtained in this study was that for T. thermophilus cells in which the enzyme synthesis was derepressed by methionine put in the medium as a sole sulfur source, it is roughly estimated that the content in the cells cultured in a synthetic medium with sulfate is approximately 1z. This value is still very high compared with those calculated in the same way for the enzymes in other microorganisms living under mild conditions. It would, therefore, be interesting to investigate the signiˆcance of the high contents in extremophiles.
